Yeast cells adapt to hyperosmotic shock by accumulating glycerol and altering expression of hundreds of genes. This transcriptional response of Saccharomyces cerevisiae to osmotic shock encompasses genes whose products are implicated in protection from oxidative damage. We addressed the question of whether osmotic shock caused oxidative stress. Osmotic shock did not result in the generation of detectable levels of reactive oxygen species (ROS). To preclude any generation of ROS, osmotic shock treatments were performed in anaerobic cultures. Global gene expression response profiles were compared by employing a novel twodimensional cluster analysis. The transcriptional profiles following osmotic shock under anaerobic and aerobic conditions were qualitatively very similar. In particular, it appeared that expression of the oxidative stress genes was stimulated upon osmotic shock even if there was no apparent need for their function. Interestingly, cells adapted to osmotic shock much more rapidly under anaerobiosis, and the signaling as well as the transcriptional response was clearly attenuated under these conditions. This more rapid adaptation is due to an enhanced glycerol production capacity in anaerobic cells, which is caused by the need for glycerol production in redox balancing. Artificially enhanced glycerol production led to an attenuated response even under aerobic conditions. These observations demonstrate the crucial role of glycerol accumulation and turgor recovery in determining the period of osmotic shock-induced signaling and the profile of cellular adaptation to osmotic shock.
The ability to perceive and adapt to environmental changes is essential for all cells. Cellular adaptation to hyperosmotic shock in the yeast Saccharomyces cerevisiae requires accumulation of glycerol as compatible solute and is mediated by both transcriptional and metabolic alterations. Hyperosmotic shock evokes a broad transcriptional response, including that of several genes implicated in oxidative stress protection (8, 17, 25, 28, 39) . In this work, we addressed the question of whether this is due to coregulation or due to osmotic shock resulting in oxidative stress. Such a link between osmotic shock and development of reactive oxygen species (ROS) could have specific regulatory and signaling roles, as suggested for liver cells (26, 27) . Moreover, it has recently been reported that the yeast osmosensing high-osmolarity glycerol (HOG) pathway can also be stimulated by oxidative stress treatments (4) . To study a possible link between osmotic and oxidative stress in yeast, we utilized the ability of S. cerevisiae to grow in the absence of oxygen, precluding the development of ROS.
Cells subjected to a hyperosmotic shock suffer loss of water and turgor pressure, transiently arrest proliferation, and recover by accumulating glycerol (reviewed in reference 18). Glycerol stimulates water uptake and restoration of turgor pressure, and the accumulation is controlled at three levels. Glycerol export is diminished due to closing of the turgorresponsive aquaglyceroporin Fps1 (33) . In addition, glycolytic flux is stimulated by activation of phosphofructokinase (13) . Finally, glycerol production capacity is increased by enhanced production of Gpd1 (glycerol-3-phosphate dehydrogenase) and Gpp2 (glycerol-3-phosphatase), the enzymes converting dihydroxyacetonephosphate to glycerol. Stimulated expression of the genes GPD1 and GPP2 is characteristic of the transcriptional response to osmotic shock (1, 22) .
The transcriptional response to a hyperosmotic shock is largely mediated by the HOG signaling pathway (11, 18, 23) . This branched mitogen-activated protein kinase (MAPK) pathway is controlled by different sensing systems converging on the MAPK kinase Pbs2, which activates the MAPK Hog1 by dual phosphorylation on threonine and tyrosine. One striking feature of the transcriptional response is its broad scope (8, 17, 25, 28, 39) , encompassing genes lacking obvious roles, or even phenotypes (38) , during osmotic adaptation. This general stress response (31) , or environmental stress response (17) , includes genes involved in the oxidative stress response, such as CTT1 (catalase T) and SOD2 (superoxide dismutase). The concurrent induction of the oxidative and osmotic stress responses suggests a fundamental coregulation. However, it could also be due to reduced intracellular water levels leading to generation of reactive oxygen species, for instance by affecting mitochondrial functions.
S. cerevisiae is a facultative anaerobe that can grow equally well aerobically and anaerobically in the presence of glucose (15, 16) . While the glycolytic pathway is redox balanced (i.e., all NADH produced in the upper part is oxidized to NAD ϩ by conversion of pyruvate to ethanol), a net surplus of NADH is caused by conversion of a fraction of the glycolytic intermediates to biomass (30) . Under anaerobic conditions, when respiration cannot account for NADH oxidation, reoxidation of NADH is achieved by reducing dihydroxyacetonephosphate to glycerol. This is a specific adaptation: expression of GPD2, which encodes an isoform of glycerol-3-phosphate dehydrogenase, is stimulated under anaerobic conditions, resulting in elevated glycerol production capacity (3, 5) . The osmotic balance is maintained under these conditions by glycerol efflux across the plasma membrane via Fps1. Consistently, an fps1⌬ mutant fails to grow under anaerobic conditions (33) .
In this work, we have studied the osmotic stress response during anaerobiosis by using global gene expression analysis. We employed a novel two-dimensional visualization of hierarchical clusters to compare transcriptional expression data originating from aerobic and anaerobic cultures subjected to osmotic stress. This two-dimensional plotting of clustered data allows an easy comparison of two-variable queries, in this case osmotic stress and oxygen availability. It highlights the correlation between the data sets and facilitates interpretation. The comparison clearly showed that the osmotic stress response encompasses the presumed oxidative stress response genes even during anaerobic growth. However, anaerobic cells adapt faster and show a shorter, less pronounced response to osmotic shock. We show that this is due to the high intrinsic glycerol production, highlighting the role of glycerol accumulation and turgor recovery in the osmotic adaptation profile.
MATERIALS AND METHODS
Strains and plasmids. The S. cerevisiae strains used in this work were W303-1A (MATa leu2-3/112 ura3-1 trp1-1 his3-11/15 ade2-1 can1-100 GAL SUC2 mal0) (35) and an isogenic prototrophic strain (9) . The multicopy vector YEplac112, containing a 2.9ikb ClaI-SwaI fragment of GPD1 (3), was used to overexpress GPD1.
Cell culturing and sampling. Cultivations were carried out under either aerobic or anaerobic conditions in a fermentor with a working volume of 750 ml (Belach Bioteknik AB). CBS medium (37) with 7.5 g of (NH 4 ) 2 SO 4 per liter as a nitrogen source and 20g of glucose per liter as a carbon and energy source was used for all experiments. Cultures with the auxotrophic W303-1A strain were supplied with 120 mg of each of the required amino acids per liter. The temperature was 30°C, the stirring rate 400 rpm, and the pH was kept constant at 5.0 by automatic addition of 1 M NaOH. The cultures were continuously flushed (35 liters/h) with either nitrogen gas for the anaerobic conditions or air for the aerobic conditions. The heat production rate (dQ/dt) was measured with a flowthrough microcalorimeter as described previously (36) . Carbon evolution was continuously analyzed with a carbon dioxide and oxygen monitor (type 1308; Bruel and Kjaer). Growth of the cultures was monitored both by measuring the heat production rate and by performing on-line analysis of outgoing gas. Cells for the GPD1 overexpression experiment were cultivated in E-flasks. For osmotic shock treatment, 2.5 M NaCl was added to a final concentration of 0.5 M when the cells had reached mid-logarithmic phase (optical density of 0.8). For gene expression analysis, cells were harvested in ice-cold water, while cells for Western analysis were rapidly cooled in a dry-ice-ethanol bath.
Glycerol measurements. For total glycerol, samples were taken and boiled at 100°C for 10 min. After sedimentation, the supernatant was kept for further analysis. For intracellular glycerol, cells from 1 ml of sample were resuspended in 1 ml of water and boiled at 100°C for 10 min, and the supernatant after sedimentation was kept as before. Determination of glycerol concentration was performed with a glycerin-glycerol kit (Roche) and a Biomek 2000 laboratory robot (Beckman Instruments).
RNA extraction and Northern blotting. Total RNA extraction and Northern blotting were performed as described previously (12) . Probes were generated by using ␣[
32 P]dCTP, the MegaPrime Kit (Amersham), and PCR fragments of the STL1 open reading frame. Primers used for amplification had the sequences (5Ј to 3Ј) TAAGCAGAACCAGTCACTGG and GTAGATTGTTGCGAAGA CCC. Probes were purified by using Nick columns (Amersham), and 1,000,000 cpm/ml was used for hybridization. The signal was measured with an FX molecular imager (Bio-Rad) and Kodak K-screens. Quantification was performed with Quantity One software (version 4.2.3; Bio-Rad).
Global gene expression analysis. Global gene expression was measured by using GeneFilters (GF100; Invitrogen) as described previously (28) , and the signal was measured in a phosphorimager as for Northern analysis. Image analysis and quantification were performed with the Pathways 4 software (Invitrogen). Each filter was manually inspected for flaws, and invalid spots were removed prior to export to Microsoft Excel, where further analysis was performed. The ratio between the aerobic and anaerobic series was calculated for each time point. The time course expression profile for each condition was calculated as the ratio of the value at each time point against the average of those at the two prestress time points. If one of these was missing, the calculation was based on the existing measurement only. The spot intensity data and the ratio data used for the analysis are available in Tables S1 and S2 , respectively, in the supplemental material, according to the minimal information about a microarray experiment standards.
Filtering and clustering. The expression profiles were filtered to select genes that displayed a reliable expression change following osmotic shock. Two selection criteria were applied. First, the expression level had to change at least twofold compared to that for both prestress samples at two consecutive time points. This criterion eliminated expression profiles with small relative change. Second, no more than three changes in the sign of the derivative were allowed after the addition of salt. This criterion eliminated dubious expression profiles.
The first criterion is by far the most stringent, eliminating 96% of the genes, while the second criterion eliminates only 35% of the genes if applied by itself. Applying the second criterion to the 229 genes that passed the first criterion eliminates only two more genes, Ͻ1%, showing that the criteria favor the same set of genes (P ϭ 3.6 ϫ 10 Ϫ28 by the chi-square test). Five genes passed only one criterion under each condition but were eliminated by applying the criteria simultaneously, leaving a set of 222 genes. Relaxation of criterion 1 by lowering the threshold to an altered expression of ͱ2-fold instead of twofold results in a larger number of genes passing the filter while the two criteria still favor the same set of genes (P ϭ 1.2 ϫ 10 Ϫ90 by the chi-square test). Genes passing both criteria were clustered by using Cluster and TreeView (http://rana.lbl.gov/EisenSoftware.htm) (14) . The cluster analysis included three groups of genes: (i) those that displayed a significant expression change under both aerobic and anaerobic conditions, (ii) those with a significant expression change under aerobic conditions only, and (iii) those that showed a significant expression change under anaerobic conditions only. These groups were clustered separately for aerobic and anaerobic conditions, resulting in four distinct trees: tree A, aerobic expression profiles and significantly altered by osmotic shock; tree B, aerobic expression profiles but significantly altered by osmotic shock only under anaerobic conditions; tree C, anaerobic expression profiles and significantly altered by osmotic shock; and tree D, anaerobic expression profiles but significantly altered by osmotic shock only under aerobic conditions. These cluster trees were plotted against each other to produce Fig. 4 .
Protein extraction and Western blot analysis. Cells were resuspended in sodium dodecyl sulfate (SDS) loading buffer (100 mM Tris-HCl [pH 6.8], 200 mM dithiothreitol, 4% SDS, 20% glycerol, 0.2% bromophenol blue, 20 mM mercaptoethanol, 10 mM NaF, 0.1 mM Na-vanadate, protease inhibitor [complete EDTA-free protease inhibitor cocktail tablets; Roche]). Cell suspensions were first boiled at 100°C for 10 min and then centrifuged at 16,000 relative centrifugal force and 4°C for 10 min to obtain pure protein extracts. Twenty to 25 g of proteins was loaded on an SDS-10% polyacrylamide gel and blotted on a polyvinylidene difluoride membrane (Hybond-P; Amersham). Membranes were blocked with 5% milk (Difco) in Tris-buffered saline-Tween 20 (TBS-T). An antibody recognizing dually phosphorylated Hog1 (phospho-p38 MAPK [Thr180/Tyr182]; Cell Signaling) was diluted 1:1,000 in 5% bovine serum albumin-TBS-T, and the membrane was incubated overnight at 4°C. An antibody recognizing Hog1 independently of phosphorylation status (Hog1 yC-20; Santa Cruz Biotechnology) was used as control. It was diluted 1:200 in 5% milk-TBS-T, and the membrane was incubated for 1 h at room temperature. Secondary antibodies (horseradish peroxidase-anti-rabbit immunoglobulin G [Cell Signaling] and horseradish peroxidase-donkey anti-goat immunoglobulin G [Santa Cruz Biotechnology]) were applied in TBS-T at 1:2,000 and 1:1,500 dilutions, respectively. The Lumi-Light Western blotting substrate (Roche) and an LAS-1000 camera (Fuji) were used for visualization. Quantification was performed with ImageGauge 3.46 (Fuji).
ROS detection and microscopy. After reaching mid-logarithmic phase, cells were incubated with dihydroethidium (5 g/ml) with or without a stress agent (NaCl, sorbitol, or tert-butyl hydroperoxide solution) for 25 min in the dark at 30°C and were subsequently sedimented and washed once with phosphate-buffered saline. Detection of ROS was performed with a DMRXA fluorescence microscope (Leica), utilizing a fluorescein isothiocyanate filter. Dead cells were observed by using methylene blue dying and the normal bright filter.
RESULTS
Osmotic shock causes no detectable production of ROS. To determine if osmotic stress treatment resulted in development of ROS, cells were stained with dihydroethidium and inspected microscopically. While treatment with tert-butyl hydroperoxide, a ROS-generating compound, resulted in strong staining of all cells, addition of NaCl did not cause any staining above background in the majority of the cells (Fig. 1 ). However, a fraction of the cells showed strong staining following NaCl addition, and this fraction increased with increasing NaCl concentration (data not shown). The phase-contrast picture indicated that stained cells had not survived the treatment, as they showed an aberrant, granulated morphology typical of dead cells. Staining with methylene blue demonstrated that indeed such cells were dead (data not shown). Treatment with sorbitol instead of NaCl resulted in a similar picture, showing that osmotic shock does not result in strong development of ROS.
Recovery from a hyperosmotic shock is faster during anaerobiosis. The osmotic shock responses in aerobic and anaerobic cultures were compared, with the latter precluding generation of ROS. The experiments were performed in controlled batch cultures with exponentially growing cells. Heat production was used as a measure of cellular metabolic activity, which reflects cell proliferation during logarithmic growth (6) . Addition of NaCl to a final concentration of 0.5 M caused a transient drop in heat production (Fig. 2) . This drop of metabolic activity was much more transient in the anaerobic culture, which, on average, recovered in around 40 min, compared to around 90 min for the aerobically grown cells. In contrast, the amplitudes of the drops were similar, on average around Ϫ50%, in the anaerobic and aerobic cultures. About half of this drop can be accounted for by dilution, as it occurs upon addition of water only but with no adaptation time. In the absence of salt stress, the heat generation profiles and generation times did not differ significantly between aerobic and anaerobic cultivation, in accordance with previous observations (6) .
Time course analysis of global gene expression. The differences in the global transcriptional response to hyperosmotic stress between aerobiosis and anaerobiosis were assessed with time course experiments. These were performed with gene filter arrays at 30 and 5 min before and at 10, 15, 20, 30, 40 , and 60 min after the addition of NaCl, as indicated in Fig. 2B . Multiple Northern blot analyses of selected genes by using RNA from the same as well as additional cultures confirmed the results obtained with gene filters.
Comparison of our data with the two previously published microarray analyses that employed cells grown under anaerobic conditions revealed no significant overlap. This is likely due to different experimental conditions: while we employed batch cultures under glucose repression, ter Linde et al. (34) aerobic in these studies encode respiratory functions. Expression of those genes is repressed under our culture conditions. Gene selection and filtering. To characterize the differences between the transcriptional profiles following osmotic shock in anaerobic and aerobic cells, the analysis was limited to genes showing a significant osmotic upregulation or downregulation, as described in Materials and Methods. The result was a set of 222 genes showing stable and at least twofold up-or downregulation under at least one of the two conditions. These genes are listed in Table S3 in the supplemental material.
Of these 222 genes, 187 (84%) showed a significant osmotic response under aerobic conditions and 88 (40%) showed a significant osmotic response under anaerobic conditions, with an overlap of 53 (24%) that showed a significant response under both conditions (Fig. 3) . This overlap is significant (P ϭ 3.8 ϫ 10
Ϫ217 by the chi-square test). There was no single gene that showed significantly increased expression following osmotic shock under one condition and significantly decreased expression under the other condition, indicating that yeast cells respond to osmotic shock in basically similar ways under aerobic and anaerobic conditions (P ϭ 1.3 ϫ 10 Ϫ11 by Fisher's exact test). Lowering the threshold for induction or repression to ͱ2 resulted in a larger data set but did not alter the general trends: 96% of the 166 genes that showed significantly altered expression changes under both conditions altered expression in the same direction (P ϭ 1.2 ϫ 10 Ϫ33 by the chi-square test).
The transcriptional response to osmotic stress is quantitatively but not qualitatively different in aerobiosis and anaerobiosis. To analyze the expression profiles in more detail, we employed hierarchical clustering (14) . Clustering was performed independently for the aerobic and anaerobic expression profiles, resulting in four different trees: tree A, expression profiles from cells grown under aerobic conditions and significantly altered by osmotic shock; tree B, expression profiles from cells grown under aerobic conditions but significantly altered by osmotic shock only under anaerobic conditions; tree C, expression profiles from cells grown under anaerobic conditions and significantly altered by osmotic shock; and tree D, expression profiles from cells grown under anaerobic conditions but significantly altered by osmotic shock only under aerobic conditions. The clusters were then plotted against each other in a two-dimensional matrix to assess the degree of correlation between the data sets ( Fig. 4 ; a numerical presentation is given in Fig. 3 ). Figure S1 in the supplemental material provides an extended presentation, including gene names.
This presentation demonstrates the high degree of similarity in the response to osmotic shock under aerobic and anaerobic conditions. Three observations are of specific interest. First, as stated above, all genes displaying significantly altered expression changes under both aerobic and anaerobic conditions changed expression in the same direction under both conditions. Second, the vast majority (88%) of the osmoregulated genes showed similar expression profiles following osmotic shock under anaerobic and aerobic conditions, even though the expression change sometimes passed the significance criteria for only one condition. The main differences are quantitative, as expression changes were attenuated in cells growing under anaerobic conditions. Third, the genes that did not show similar behavior under aerobiosis and anaerobiosis were not randomly distributed. Indeed, they were concentrated in the group of genes significantly induced under anaerobic conditions (P ϭ 1.2 ϫ 10 Ϫ5 by the chi-square test). This group, which contains several genes encoding enzymes in ergosterol biosynthesis, is discussed further below. Selected gene expression profiles are shown in Fig. 5A .
Oxidative stress genes. We looked more closely at the genes whose expression was significantly upregulated by osmotic shock and that encoded functions known or presumed to be relevant for combating the toxicity of ROS or products thereof. The following genes were included in this analysis: ALD2, SOD2, ALD3, ALD4, ALD6, TSA2, CTT1, TTR1, PRX1, MCR1, GRE2, and GRE3 (Fig. 5B) . This set followed the trend observed for the majority of upregulated genes; i.e., stimulated expression was on average twofold higher after osmotic shock under aerobic conditions. At the same time, it was apparent that all of the oxidative stress genes were also upregulated under anaerobic conditions. Statistical analysis showed that the induction levels of this set of genes did not differ significantly from those of the 70 other genes upregulated by osmotic shock (P ϭ 0.35 by Student's t test).
Hog1-dependent genes and genes depending on different transcription factors. Hog1 mediates osmotic upregulation of a large subset of genes, and it does so via different transcription factors, such as Hot1 and Msn2/Msn4 (18, 28) . The present analysis included 28 (of 48), 6 (of 9), and 25 (of 46) of the genes previously listed as dependent on Hog1, Hot1, and
The correlation between the aerobic and anaerobic responses to osmotic stress is very high. The figure illustrates the behavior of the genes included in this study and is a numerical representation of the clustering results (see Fig. 4 ). Expression of 105 genes was significantly downregulated upon osmotic shock under aerobic conditions. Expression of 101 (96%) of those was clearly downregulated also under anaerobic conditions, but only 11 (10%) of those passed the filtering criteria (row 1). Likewise, expression of 82 genes was significantly upregulated by osmotic shock under aerobic conditions. Expression of 77 (94%) of those was clearly upregulated also under anaerobic conditions, but only 42 (51%) passed the filtering criteria (row 2). Moreover, all 19 genes whose expression was significantly downregulated upon osmotic shock under anaerobic conditions were also downregulated under aerobic conditions (column 1). In contrast, only 52 (75%) of the 69 genes whose expression was significantly upregulated under anaerobic conditions were also upregulated aerobically (column 2) . FIG. 4 . Two-dimensional visualization of the correlation between aerobic and anaerobic expression. The upper (x) axis holds the cluster trees based on data obtained from the anaerobic culture. Clusters are labeled with roman numerals. The left (y) axis holds the cluster trees based on data obtained from the aerobic culture. These clusters are labeled with arabic numerals. Each gene occurs once on each axis, and ■ marks the intersection between the positions on the two axes. The figure contains three different but connected plots that are separated by the dark grey lines. The upper left part contains the genes whose expression was significantly altered under both conditions (A versus C), the upper right part contains those whose expression was significantly altered under aerobic conditions only (A versus D), and the lower left contain those genes whose expression was significantly altered under anaerobic conditions only (B versus C). Cluster trees A and C are subdivided by general behavior, i.e., downregulation (group 1/I) or upregulation (group 2/II), by the lighter grey lines. These groups are further divided at a correlation of Ͻ0.75 by the thin black lines, grouping genes with closely related behavior. The grouping, rather than the physical distance, indicates similarity in behavior. Cluster trees B and D are subdivided by general behavior, i.e., downregulation (group 3/III), upregulation (group 5/V), and no or an ambiguous effect (groups 4/IV and 6). Msn2/Msn4, respectively (28) . Of the Sko1 transcription factor targets, only one gene was included (29) . The induction levels of the Hog1-, Hot1-, and Msn2/Msn4-dependent subsets of genes did not show significant differences (by Student's t test) from each other or from those of the 43 upregulated genes not listed as targets of any of them. Therefore, differences in the induction levels upon osmotic shock under aerobic and anaerobic conditions are not biased towards any of the regulatory proteins considered in this analysis. Genes encoding functions in ergosterol biosynthesis. Among the 17 genes showing significantly enhanced expression following osmotic shock only under anaerobic conditions, we found ERG9, ERG10, ERG13, and ERG26, which encode enzymes in ergosterol biosynthesis. These constitute a significant overrepresentation (P ϭ 1.8 ϫ 10
Ϫ60 by the chi-square test), and indeed, closer inspection revealed that expression of a majority of the genes encoding enzymes in ergosterol biosynthesis appeared to be upregulated following osmotic shock in the anaerobic but not in the aerobic culture (Fig. 6) . Genes encoding enzymes in phospholipid and sphingolipid biosynthesis (10) did not show such behavior. Ergosterol is an essential yeast membrane sterol that requires molecular oxygen for production and hence is supplemented to the anaerobic culture. Expression of the ERG genes is controlled by oxygen levels (see reference 21 and references therein) and is repressed under aerobic conditions. However, the strict anaerobic conditions employed here did not result in significant upregulation of the ERG genes compared to aerobic conditions. That expression of these genes was not stimulated by osmotic stress per se is clear from the lack of induction in the aerobic cultures. We tested whether this effect might have been a response caused by the minute amounts of oxygen possibly dissolved in the NaCl solution used to apply stress. Indeed, ERG gene upregulation could be provoked by addition of water only, even by water whose oxygen content was below the detection level of the gas analyzer (data not shown). Still, salt or water addition sufficed to briefly repress HEM13 (Fig. 5A) , a known oxygen-repressed gene (2) . We conclude that the expression of this set of genes is exquisitely sensitive to addition of even trace amounts of oxygen.
Faster glycerol accumulation accounts for more rapid osmotic adaptation under anaerobic conditions. The profiles of heat production and gene expression suggested that yeast cells adapted faster to an osmotic shock under anaerobic conditions but did not provide an explanation for the phenomenon. In order to address this, parallel measurements of HOG pathway (Fig. 7A) . However, activation was more transient under anaerobic conditions. STL1 is the most strongly osmoinduced yeast gene, and its induction fully depends on the HOG pathway (28) . Northern blot analysis confirmed gene filter data in that expression of STL1 was stimulated to a lower level and for a shorter period in the anaerobic cultures (Fig. 7B) . Furthermore, the intracellular glycerol content increased more rapidly in the anaerobic culture (Fig. 7C) . In order to determine whether the quicker adaptation in anaerobic cultures was due to the intrinsically higher glycerol production capacity or any other property of anaerobic growth, we tested the effect of GPD1 overexpression on the osmotic adaptation profile in an aerobic culture. The GPD1-overexpressing cells, like the anaerobic cultures, showed a more transient Hog1 phosphorylation (Fig. 8A ), reached only a lower level of STL1 mRNA (Fig. 8B) , and accumulated glycerol faster (Fig. 8C) . Hence, a higher intrinsic capacity to produce glycerol prepares yeast cells for, and allows a faster adaptation to, osmotic shock.
DISCUSSION
Osmotic shock, like other acute stress conditions, leads to a broad transcriptional response in which many genes displaying stimulated expression do not appear to have a significant role in adaptation. In this work, we addressed the question of whether osmotic shock causes oxidative stress or whether the oxidative component of the transcriptional response constitutes an integral part of the overall response. Our data show that when oxygen is excluded from the culture, the osmotic stress response does not differ qualitatively from that under aerobic conditions and, in particular, encompasses the oxidative stress response genes. Furthermore, the analysis showed that cells grown anaerobically are preconditioned to osmotic shock, since the enhanced intrinsic glycerol production capacity allows cells to adapt and resume growth faster, resulting in an attenuated osmotic response. The high intrinsic glycerol production capacity during anaerobiosis preconditions cells to hyperosmotic shock. Cells growing under anaerobiosis adapt faster to osmotic shock, as illustrated by the much more transient drop in heat production and as further confirmed by the profiles of HOG signaling and gene expression changes. Hog1 phosphorylation, a measure for HOG pathway activity, was more short-lived in anaerobic than in aerobic cultures. As a consequence, HOG-dependent, as well as HOG-independent, gene expression changes generally reached lower amplitudes and/or were more transient. Faster adaptation is specifically well reflected in expression changes of the genes encoding functions in translation, which make up by far the largest class of downregulated genes. This downregulation reflects the proliferation arrest following stress treatment and is consequently more transient the faster the cell adapts and resumes proliferation (17, 28) .
The faster adaptation is likely due to the higher capacity to produce glycerol in anaerobic cells, which essentially preconditions cells to osmotic stress. Under anaerobic conditions, yeast cells produce glycerol for redox regulation and expression of GPD2 is stimulated, leading to a higher capacity to produce glycerol (3), which is then accumulated faster following osmotic shock. Overexpression of GPD1 caused a similar faster glycerol accumulation and shorter periods of HOG pathway and HOG-dependent gene expression activation. Hence, faster adaptation of anaerobic cells is due to enhanced glycerol production and not to any other property of anaerobic growth.
These observations confirm the well-established central role of glycerol accumulation and hence turgor control in osmotic adaptation. This is in contrast to the facts that so many genes are upregulated following osmotic shock and that very few of these upregulated genes seem to have a functional role in adaptation to osmotic shock (38) . GPD1 is one of them.
At the same time, the data demonstrate the less well established role of glycerol accumulation in determining the profile of osmotic adaptation. The shorter period of Hog1 phosphorylation in anaerobic cells and cells overexpressing GPD1 illustrates the important role of glycerol accumulation in determining the profile of HOG pathway activity. We have previously provided evidence, both experimentally and by mathematical modeling (19) , that feedback control of the HOG pathway depends on successful osmotic adaptation and turgor resumption rather than activation of protein phosphatases. The data presented here add further evidence in support of this. We have previously shown that the inability to rapidly accumulate glycerol causes a longer period of Hog1 phosphorylation (19) , while we show here that faster glycerol accumulation results in shorter periods of HOG pathway activity. Hence, the period of Hog1 phosphorylation is not determined by intrinsic feedback mechanisms alone but mainly by the ability of the cell to adapt to osmotic shock. Two-dimensional comparison of hierarchical clusters. We utilized a novel two-dimensional visualization method to discern differences and similarities between different sets of expression data. We propose that this method can be extended to an increased number of dimensions and thus conditions. One of the main limitations of hierarchical clusters is their onedimensional nature. Clustering (14) results in a sorted data set based on similarity, but with no regard for complex patterns with multiple components. Still, it is an excellent tool for single-variable queries, such as which genes are stimulated in a similar time-dependent pattern in response to one alteration in growth conditions. It is, however, not an optimal tool for the analysis of the differences between two or more data sets, as it looks for only one pattern. In order to circumvent this limitation and profit from the virtues of the method, we used hierarchical clustering for the two data sets independently and subsequently plotted the results in a two-dimensional matrix in order to visualize the correlation between the data sets. The two-dimensional matrix provides a strong visualization aid, and, supported with mathematical tools, it should prove useful for the analysis of pattern correlation between any number of experiments by extending the number of dimensions.
The osmotic stress responses under aerobic and anaerobic conditions do not differ qualitatively. As illustrated in Fig. 4 , there is an almost perfect overlap between the genes showing up-or downregulated expression following osmotic shock under aerobic or anaerobic conditions. As discussed above, the differences are largely quantitative; i.e., they affect the period and amplitude of expression changes rather than the expression profile. In particular, the expression of a set of genes whose products are known or expected to function in adaptation to oxidative stress was upregulated even under anaerobic conditions, where generation of ROS is excluded. Although formation of non-oxygen-based radicals cannot be ruled out, the reducing environment makes the generation of radicals highly unlikely. In fact, as mentioned in the introduction, anaerobiosis leads to accumulation of surplus reducing power that the cells can eliminate only by producing glycerol. As no evidence for generation of ROS upon osmotic shock even under aerobic conditions could be found, it appears that the oxidative stress genes are coregulated with the general stress response genes, even when there is no obvious need for that.
The genes included in this list of oxidative stress genes are controlled by different factors. For instance, expression of CTT1 and ALD3 is known to be upregulated by means of the transcription factors Msn2 and Msn4, which are responsible for a general stress response (7, 32) . Hence, expression of these genes is probably stimulated by all conditions that prevent yeast cells from optimal proliferation. Expression of many of the other genes in this list is at least partly controlled by Msn2 and Msn4 as well as by other, stress-specific regulators. GRE2, on the other hand, is an example of a gene that does not seem to be controlled by Msn2 and Msn4 but rather seems to be controlled by stress-specific mechanisms only, i.e., Hog1 and Sko1 under osmotic stress and Yap1 under oxidative stress (29) . Hence, the apparent general stress-responsive behavior of these genes is not due to one single control mechanism.
Our observations essentially exclude the possibility that generation of ROS, as a consequence of osmotic shock, plays a significant role in sensing and signaling of osmotic stress. Such a scenario has been proposed for liver cells (26, 27) . On the other hand, links between the osmotic and oxidative stress responses do exist. The HOG pathway can be activated not only by osmotic shock but also by treatments causing oxidative stress, although activation occurs much more slowly under these conditions, which could point to an indirect effect (4) . In contrast, the analogous Sty1 pathway in fission yeast can readily be activated by osmotic shock as well as oxidative stress. It apparently lacks an obvious Sln1-like osmosensor, while putative oxidative stress sensors have been described (reviewed in reference 18). Another link between the osmotic and oxidative stress responses concerns the Hog1-dependent upregulation of a small set of genes encoding (presumed) functions in redox metabolism. It appears that the Sko1 transcription factor is largely dedicated to controlling this set of genes (29) . Finally, the hog1⌬ mutant, as well as mutants deficient in glycerol production, are sensitive to oxidative stress (4, 24) . The mechanisms behind these observations remain to be established. In any case, while a close link between osmotic and ROS signaling may occur in some systems, this does not seem to be the case for S. cerevisiae, which is consistent with its life style as a facultative anaerobe.
Activation of components of the oxidative stress response in an environment devoid of such stress appears to be wasteful and implies a lack of optimization. In fact, most genes whose expression is stimulated in response to osmotic stress cause no phenotype when deleted (38) and are thus not essential parts of the adaptation process, at least not under laboratory conditions. This crude regulation limits the needs for signaling systems and could be rationalized as more economical than maintenance of elaborate sensing and signaling systems. A broad transcriptional response may simply be more cost-efficient than a larger number of regulatory components, as it allows the cell the flexibility to respond to a wide range of circumstances via few signaling mechanisms.
It appears that the selective pressure has not been on the stringency of transcriptional regulation. It may be argued that yeast, as a unicellular organism, manages to navigate a changeable environment with few signaling pathways, as it does not need to react with the same stringency and sensitivity as cells in multicellular organisms. Presumably, the selective pressure on stringency is higher in multicellular organisms, as the cost for individual cell failures is higher. This can be illustrated by the development of cancer, where defects in communication and cell cycle regulation in one cell result in the death of the entire organism containing billions of cells. On the other hand, every organism needs to balance the use of its resources between maintenance and growth, in reality making optimization of singular properties unrealistic even in higher organisms. Thus, it appears that stringency is sacrificed for flexibility, in a balance that we would expect to be the rule even in higher organisms, such as humans.
